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How is cell fate diversity reliably achieved during development? Insect sensory organs have been a favorable model system for
investigating this question for over 100 years. They are constructed using defined cell lineages that generate a maximum of cell diversity with
a minimum number of cell divisions, and display tremendous variety in their morphologies, constituent cell types, and functions. An
unexpected realization of the past 5 years is that very diverse sensory organs in Drosophila are produced by astonishingly similar cell
lineages, and that their diversity can be largely attributed to only a small repertoire of developmental processes. These include changes in
terminal cell differentiation, cell death, cell proliferation, cell recruitment, cell–cell interactions, and asymmetric segregation of cell fate
determinants during mitosis. We propose that most Drosophila sensory organs are built from an archetypal lineage, and we speculate about
how this stereotyped pattern of cell divisions may have been built during evolution.
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Essential pursuits of developmental biology include
understanding how cells communicate with each other,
how cells are committed to survive, die, or proliferate, and
how undifferentiated cells adopt terminal cell fates. These
processes are key to the formation of biological patterns and
thus underlie the organized development of multicellular
life. The extreme morphological diversity and stereotyped
development of insect external sensory organs have made
them an ideal setting for studying these issues, and studies
of insect sensilla have now been pursued for over a century
(Berlese, 1909).
First studies concentrated on understanding the cell
complement of multicellular adult peripheral sensory
organs. A varying number of cells were found, with one or
more sense cells bearing specialized sensory dendrites0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Although peripheral sensory organs were generally admitted
to originate from the epidermis, an early longstanding
controversy concerned the nature of the sense cell. From
1909 to 1941, some authors claimed that the sense cell is
prolonged by the axon of a centrally located neuron (Ber-
lese, 1909; Franzl, 1941; Haffer, 1921; Vogel, 1923). How-
ever, other studies from this time and into the 1950s
convincingly demonstrated that the same cell of an individ-
ual peripheral sensillum extends a dendrite to the periphery
and projects an axon to the central nervous system, indicat-
ing that the ‘‘sense’’ cell and the neuron are indeed one and
the same (reviewed by Bate, 1978; Bullock and Horridge,
1965).
Continuing studies of insect sensilla and certain non-
sensory structures (primarily non-innervated butterfly
scales) led to the general understanding that cells of an
individual sensillum are typically derived from divisions of
a common progenitor cell (reviewed by Bate, 1978; Law-
rence, 1966; Peters, 1963). However, no consensus
emerged with regard to numbers, orientations of cell
divisions, and fates of the different cells in different sensory
organs and species. Thus, it seemed possible that various
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other.
From multiple revisions during the last 5 years, a new
picture of the microchaete bristle lineage in Drosophila
melanogaster has recently emerged. Surprisingly then, its
comparison with other studies and a re-examination of
previously unconnected observations now reveal an aston-
ishing concord among cell lineages that produce very
morphologically distinct sensory organs. This strongly sug-
gests that diverse sensory organs evolved from the same
ancestral lineage. We investigate here the probable charac-
teristics of this ancestral sensory lineage and propose
models for the evolution of sensory lineages in Drosophila
based upon limited modifications to the canonical lineage.The history of the thoracic microchaete lineage
The small mechanosensory bristles that decorate the
thorax of the adult fruitfly, referred to as microchaetes (Fig.
1A), have been a premier model system for investigating the
mechanisms of cell fate determination. Their accessibility,
stereotyped spatial pattern, and relatively synchronous de-
velopment make their study comparatively convenient. A
large number of molecular markers now permit the unam-
biguous identification of the different cells in the sensory
lineage. Together with biochemical analyses of the relevant
proteins and increasingly sophisticated in vivo genetic stud-
ies, a detailed picture of the molecular and cellular events
underlying bristle development has emerged.
The ontogeny of these mechanoreceptors is conceptually
similar to that of most peripheral sensilla (reviewed by Jan
and Jan, 1993). Within a field of otherwise undifferentiated
epithelial cells, groups of adjacent cells termed proneuralFig. 1. Drosophila adult mechanoreceptors. (A) Preparation of the dorsal thorax of
smaller bristles are referred to as microchaetes while the larger bristles are known
structures produced by two cells in the mechanosensory organ, the socket and the
and shaft cells are endoreplicated and larger than the remaining internal cells of th
and sheath cells (blue nuclei) and is inactive during specification of remaining c
recently been found to undergo apoptosis (see Fig. 2 and text for details).clusters acquire neural potential due to the spatially pat-
terned expression and activity of proneural proteins, which
are basic helix–loop–helix (bHLH) transcriptional activa-
tors. There are two subtypes of proneural protein, the Ato
class (Atonal and Amos) and the AS-C class (Achaete,
Scute, and Lethal of Scute); external mechanoreceptors are
specified from clusters of Achaete- and Scute-expressing
cells. Neural potential is subsequently restricted to a single
cell in each cluster, the single sensory organ precursor
(SOP), in a process mediated by the Notch (N) signaling
pathway. Once stably determined, the SOP undergoes a
series of asymmetric cell divisions that are also regulated by
the N pathway, giving rise to the different cells comprising
an individual microchaete organ.
Despite intense research on microchaete development
throughout the 1990s, fundamental descriptions of its very
lineage and cell composition have undergone multiple revi-
sions in recent years. We first consider the history of micro-
chaete lineage analysis and trace how available techniques
and thinking about the lineage have evolved over the years.
In the beginning there were four: first models of the
microchaete lineage
The most easily observed features of microchaete sensilla
are elaborated by two cells that produce a socket and the
bristle shaft (Fig. 1B) (Lees and Waddington, 1942; Rob-
ertson, 1936). Accordingly, early genetic studies focused on
mutations that affected their development (Lees and Wad-
dington, 1942). However, additional cells of the organ lie
entirely beneath the cuticle, including the neuron itself (Fig.
1C) (Stern, 1938). Detailed studies of these cells were for
many years limited by the lack of available means to
specifically visualize them during development.an adult fruitfly showing the ordered array of mechanosensory bristles. The
as macrochaetes. (B) Scanning electron micrograph showing the external
shaft. (C) Schemative cross section of a mechanosensory organ; the socket
e sensillum. Notch signaling is activated during specification of the socket
ells (red nuclei). The glial cell is designated in parentheses because it has
Fig. 2. Evolving models of the microchaete lineage. Following its selection
from a proneural cluster (darkened cell in the cluster), the sensory organ
precursor (pI) cell executes a fixed lineage to generate the cells of the
mechanosensory organ. As in Fig. 1, cells that activate the N pathway are
blue, whereas cells that do not (typically due to inheritance of Numb) are
red. (A) In the original models proposed by Hartenstein and Posakony, pIIa
divides first to generate the socket and shaft cells, then pIIb divides to
generate the sheath cell and neuron. A fifth cell (the soma sheath cell) was
noted to be associated with developing sense organs but not thought to be
clonally related. (B, C) Manipulation of N pathway activity alters the fate of
cells in the lineage. In N gain-of-function (g.o.f.) or numb loss of function
(l.o.f.) experimental conditions, four-socket sensory organs can be observed
(B), while N loss-of-function or numb gain-of-function conditions can result
in four-neuron organs (C). (D) Subsequent model by the Schweisguth and
Rodrigues labs showed that pIIb divides first to generate a glial cell and
pIIIb. pIIa then divides to generate the socket and shaft cells, then pIIIb
divides to generate the sheath cell and neuron. Note that pIIIb is the same
cell as pIIb of panel A. (E) Revised model by the Gho lab showing that the
glial cell undergoes apoptosis (X), leaving four cells in the mature
sensillum.
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and lineage of adult Drosophila sensilla were undertaken by
Hartenstein and Posakony (1989). Their electron microsco-
py analysis indicated that microchaetes are composed of one
neuron and three support cells, the socket cell, the shaft cell,
and a sheath cell which enwraps the neuron (Fig. 1C). Their
studies also took advantage of the observation that many
support cells in the sensory lineage react with the ‘‘neuro-
nal’’ marker MAb 22C10, which facilitated their identifica-
tion during development. They also exploited the fact that
cells in the microchaete sensory lineages are the only ones
to divide and/or undergo endoreplication in the epithelium
of the pupal notum. This allowed mitotic cells in the sensory
lineage to be specifically labelled with BrdU, a technique
also used to analyze sensory lineages in the embryo (Bod-
mer et al., 1989). They concluded that the four bristle cells
derive from two successive rounds of divisions of an SOP
(also referred to as pI; Fig. 2A). A fifth cell was observed to
incorporate BrdU during the lineage divisions and seen to
associate with the neuronal axon, but its clonal origin could
not be established by these methods. It was proposed at this
time to be a glial cell of some sort and to be potentially
homologous to the ‘‘soma sheath cell’’ of larval sensilla
(Fig. 2A) (Hartenstein, 1988). However, based on the
distance between it and the other daughters of the SOP, it
was hypothesized that it might arise from the adepithelial
cell layer, which lies basally to the epithelium proper.
Later studies were made possible by the lacZ enhancer
trap A101, an insertion at the neuralized locus (Boulianne et
al., 1991). In this genetic background, the SOP and its
daughters can be specifically identified by their accumula-
tion of h-galactosidase (Huang et al., 1991). In agreement
with the previous study, they observed that successive
divisions of macrochaete SOPs generated four cells, but
that a ‘‘fifth’’ A101-positive cell could be identified at many
developing sense organ positions. A fifth cell was similarly
noted in some developing microchaete sensory organ clus-
ters (Usui and Kimura, 1993). However, this cell was
proposed to be recruited to the developing sensory organ
based on its apparently de novo expression of lacZ at a
distance from the daughters of the SOP (Huang et al., 1991).
On the basis of these studies, a model for the microchaete
lineage became generally accepted in which the SOP under-
goes three asymmetric divisions to generate four cells (Fig.
2A) (reviewed by Posakony, 1994). Division of the SOP, was
proposed to generate two daughters, one of which (pIIa)
gives rise to the two large endoreplicated cells that produce
exterior structures [the socket cell (tormogen) and shaft
(trichogen)] and one (pIIb) that gives rise to two subepider-
mal cells [the sheath cell (thecogen) and the neuron]. The
existence of such a ‘‘four-cell’’ sensory lineage was bolstered
by genetic experiments in which cell divisions in the sensory
lineage could be made symmetric by altering the activity of
various components in the N pathway. For each pair of sister
cells in this description of the SOP lineage, one cell is a net N
signal-sender, while the other is a net N signal-receiver.
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components or loss of the N antagonist Numb) causes both
daughters to adopt the fate of a signal-receiving cell, while
the absence of N signaling (due to mutations in the N
pathway or Numb misexpression) causes both to adopt the
fate of a signal-sending cell. The extreme outcomes of such
perturbations are four socket (Fig. 2B) and four neuron (Fig.
2C) sensory organs, respectively (Hartenstein and Posakony,
1990; Parks and Muskavitch, 1993; Rhyu et al., 1994;
Schweisguth et al., 1996). This model was consistent with
the attractive hypothesis that the N pathway was successive-
ly exploited over the course of sensory organ evolution to
generate non-neuronal support cells from a theoretical ‘‘neu-
ron-only’’ progenitor sensory lineage.
And then there were five: the glial cell joins the lineage
In the following years, the molecular mechanisms of
sensory cell fate determination were pursued more aggres-
sively. As the sequence of events in the cell lineage became
defined at higher resolution, a discrepancy in the accepted
model emerged about the relative timing of the cell division
producing the neuron and sheath cell. It was originally
shown to occur after pIIa cell division (Gho and Schweis-
guth, 1998; Hartenstein and Posakony, 1989). However,
subsequent studies that used the homeodomain transcription
factor Prospero (Pros) as a cell marker definitively showed
that the sister cell of pIIa divides before pIIa (Manning and
Doe, 1999; Reddy and Rodrigues, 1999b).
Several explanations to resolve these conflicting data
were put forth, including the existence of an additional,
previously unrecognized cell division in the sensory lineage
(Manning and Doe, 1999). This was indeed shown to be the
case (Gho et al., 1999; Reddy and Rodrigues, 1999a).
Notably, the study of Gho and colleagues developed the
powerful technique of live imaging of sensory development
using sensory organ-specific expression of GFP and time-
lapse confocal microscopy. This strategy allowed divisions
within the SOP lineage to be followed real-time, and clearly
showed that four, and not three, divisions occur. Additional
experiments using fixed material clearly substantiated this
view and led to a new lineage for microchaetes. In partic-
ular, the pIIa sister cell (pIIb) does divide before pIIa, but
one of its daughters (now referred to as pIIIb) subsequently
undergoes an additional cell division to then generate the
sheath cell and neuron (Fig. 2D). It is worth reiterating that
due to this change in nomenclature, the cell that produces
the neuron and sheath cell, referred to as pIIb in reports
before mid-1999 (Gho and Schweisguth, 1998; Hartenstein
and Posakony, 1989), is presently referred to as pIIIb.
The revised lineage nicely resolved issues regarding the
division order and the mysterious origin of the frequently
observed ‘‘fifth’’ cell. The fifth cell was further established
to be a small glial cell, as it expresses glial-specific markers
such as Glial cells missing (Gcm) and Repo (Gho et al.,
1999; Reddy and Rodrigues, 1999a). All other glial cells(with the exception of the midline glia) are similarly derived
from neural lineages (Jones, 2001), thus making the origin
of this mysterious cell analogous to most other types of glia.
Many classical studies, including some focusing on cock-
roach and cricket sensilla, similarly described a fifth, pos-
sibly glial, basal cell that is associated with the neuron and
sheath cell (Gnatzy, 1976; Gnatzy and Schmidt, 1971;
Lawrence, 1966). This cell is likely to correspond to the
fifth glial cell of Drosophila microchaetes. Interestingly, live
imaging indicated that the glial cell of Drosophila micro-
chaetes migrates subepidermally away from the remaining
four cells of the lineage (Gho et al., 1999), which remain
closely apposed. The previous lack of molecular markers
specific for this small cell, combined with its migration, thus
seemed to adequately explain how its existence had been
previously overlooked.
Back to four: apoptosis of the glial cell
Although the migratory nature of the glial cell seemed
sufficient to explain its absence from the mature mechano-
sensory organ, it was noted that it might in principle
undergo apoptosis (Reddy and Rodrigues, 1999a). Indeed,
the latest analysis of the microchaete lineage showed that
the glial cell undergoes programmed cell death shortly after
its birth (Fig. 2E) (Fichelson and Gho, 2003). This obser-
vation was facilitated by a highly localized and strongly
fluorescent marker (histone 2B::YFP) that permitted higher
resolution live imaging of nuclear events, including frag-
mentation of the glial cell nucleus. Genetic experiments
provided evidence that the glial cell dies by programmed
cell death, since glial nuclear fragmentation is suppressed in
H99 mutant clones, in which the pro-apoptotic genes grim,
reaper, and head involution defective are absent, or in cells
expressing the viral caspase inhibitor p35. Finally, glial cell
fragments were shown to be phagocytosed by macrophages.
As these cells are mobile, it was proposed that the previous
report in which the glial cell was found to be migratory
involved analyses of unusually large glial cell nuclear frag-
ments that were engulfed by macrophages, which subse-
quently travelled some distance.
Does the short-lived glial cell have a function with regard
to microchaete development, or does its death symbolize
that it is an evolutionary relic or vestige? Glial cells in other
developmental settings are well known to have functions in
axonal pathfinding and neuronal survival. However, in the
microchaete lineage, the glial cell dies before growth cones
begin to be extended, and in some cases fragmentation is
observed even before division of pIIIb (Fichelson and Gho,
2003). This suggests that the glial cells are not likely to
strongly influence the normal development of the micro-
chaete neuron. When apoptosis is blocked, surviving glial
cells are indeed associated with axons for some time and
axonogenesis occurs slightly prematurely. This is perhaps
indicative of an ancestral function of glia during sensory
organ formation. Nevertheless, this situation has no major
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for glial apoptosis is mysterious at present.
Although each successive version of the microchaete
lineage had in its time come to be generally accepted as
correct, there is reason to believe that current analyses have
been sufficiently detailed to now truly reflect ‘‘the truth’’.
This hope is supported by comparisons with other peripheral
sensory lineages, which collectively reveal an ancestral
lineage that underlies the development of a dizzying array
of insect sensilla.Variations on a theme—principles underlying
diversification of related sensory organ lineages
The thoracic microchaetes are but one of many types of
peripheral sense organ present in embryonic, larval, or adult
D. melanogaster. These include other mechanosensory
organs and chemosensory (olfactory and gustatory) organs,
all of which are external sensory organs, as well as chordo-
tonal (proprioceptive and auditory) organs, which are inter-
nal sensory organs (Fig. 3). Within each class, sensory
organs show additional morphological diversity. For exam-
ple, mechanosensory organs can appear as long bristles
(macrochaetes), small bristles (microchaetes), bristles of
intermediate sizes, thorn bristles, slender bristles, domes
(campaniform sensilla), bifurcated hairs, and so forth. Each
multicellular sensory organ is innervated by one or more
neurons that bear a ciliated sensory dendrite (Fig. 3A); these
have been collectively termed type I neurons (Zawarzin,
1912). In addition, there exist multidendritic (md) neurons
devoid of accessory cells (Fig. 3B) that are present inter-
nally in the embryo, larva, and adult (Bodmer and Jan,
1987; Jan and Jan, 1993). These neurons are unciliated and
classified as type II neurons; their sensory modalities are
largely unknown.
Until 1999, it was thought that these various organs, all
containing different numbers and types of cells, were
produced from distinct classes of cell lineages. However,
recent studies suggest a common canonical lineage program
underlying the formation of these diverse sensory organs.
The canonical lineage
On the basis of the evidence discussed below, we
propose that the canonical lineage consists of four succes-
sive cell divisions (Fig. 4A). The first division of the
sensory organ precursor (pI) occurs within the plane of
the epithelium and generates an epithelial-like cell (pIIa)
and a neuroblast-like cell (pIIb). Then, the pIIa cell divides
and produces two outer cells. Closely following pIIa mito-
sis, pIIb divides perpendicularly to the plane of the epithe-
lium and generates an inner cell that may migrate away, as
well as a precursor (pIIIb) of a sensory neurone and its
closely associated cell. The microchaete lineage (Fig. 2E) is
an obvious variation of this canonical lineage: the inner cellsform the socket and shaft cells, the migrating cell is a dying
glial cell and the neuron-associated cell form the sheath cell.
We now discuss the evidence in support of this canonical
peripheral sensory lineage and show how a limited set of
modifications to this core lineage, including changes in
terminal cell fate, lineage proliferation, lineage apoptosis,
and cell recruitment, may provide sensory organ diversity.
Changing sense organ types: the gap between internal and
external sensory organs is cut
Generation of distinct sensory organs via similar lineage
strategies requires differential activation of gene expression
batteries appropriate for sensory organ subtype. The easiest
way to accommodate this is through the selective expression
of different transcription factors in different lineages. The
overall choice between external and internal sensory organ
illustrates this principle well.
Chordotonal organs are internalised stretch-sensitive
sense organs linked to the cuticle. These organs are often
made up of a complex cluster of closely associated sensory
structures individually known as scolopidia (Moulins,
1976), and each scolopidium derives from an independent
pI cell (Bodmer et al., 1989; Brewster and Bodmer, 1995;
Okabe and Okano, 1997). At least some scolopidia are
composed of five cells: a scolopale cell that enwraps the
neuronal dendrite, and three other cells (attachment, cap,
and ligament cells) that link either extremity of the sensory
organ to the cuticle (Fig. 3D) (Brewster and Bodmer, 1995;
Ghysen and O’Kane, 1989; Hartenstein, 1988; Matthews et
al., 1990). Although more than one model has been pro-
posed for the scolopidial lineage (Bodmer et al., 1989;
Brewster and Bodmer, 1995), one of them has retrospec-
tively been noticed to be highly analogous to the revised
microchaete and md-es lineages (Fichelson and Gho, 2003;
Orgogozo et al., 2001), suggesting a one-to-one correspon-
dence between the cells in these morphologically dissimilar
organs (Figs. 4B, C, E).
According to this view, the cap and attachment cells
correspond to the socket and shaft cells, while the scolopale
cell corresponds to the sheath cell. Our examination of the
literature produces strong molecular support for this hy-
pothesis. First, the cap and attachment cells express the
socket and shaft enhancer-trap marker A1-2-29 (Blochlinger
et al., 1991; Hartenstein and Jan, 1992), while the scolopale
cell expresses the sheath cell marker Prospero (Doe et al.,
1991; Vaessin et al., 1991). Furthermore, the ligament cell,
which corresponds to the glial cell, accumulates the glial
markers Gcm, Repo, and Wrapper (Campbell et al., 1994;
Halter et al., 1995; Jones et al., 1995; Noordermeer et al.,
1998; Xiong et al., 1994). Eventually, the aligned arrange-
ment of the scolopidium cells is comparable to the arrange-
ment of the different cells of certain stretched external
sensory organs (Figs. 3D, E).
The lineal relation between chordotonal and external
sensory organs is further reinforced by genetic studies of
Fig. 3. Morphologically diverse sensory organs inDrosophila. (A) Typical bipolar neuron of an adult external mechanosensory bristle organ, as visualized byMAb 22C10/a-Futsch. (B) Multidendritic neuron (v’ada)
as visualized by expression of mCD8-GFP. (C) Campaniform sensillum located on the L3 wing vein. (D) Embryonic lch5 chordotonal organ showing expression of h-galactosidase in red (to detect expression of
atonal(5.1)-lacZ ), Prospero in green, and Elav in blue; anterior is left and dorsal is up. The lch5 organ comprises five scolopidia arranged in parallel. (E) A single lh2 external sensory organ from the embryonic
abdominal region, labelled for Cut in red, Prospero in green, and Elav in blue. Dorsal is left, posterior is up. (F) Labellum of the adult proboscis showing rows of taste bristles. (G) Posterior wing margin showing non-
innervated modified mechanoreceptors. The neighboring cuticular structures are not sensory and are named trichomes (red nuclei). (H) Close view of the adult eye showing interommatidial bristles. (I) Leg
mechanosensory bristles are associated with non-lineally related bract cells (black arrows); epidermal cell produce non-sensory trichomes (white arrow). (J–L) Three types of olfactory sensilla: trichoid (J), basiconic
(K), and coeloconic (L). (M) Anterior wing margin showing stout mechanosensory bristles (arrow) and a slender mechanosensory bristle (arrowhead); non-sensory trichomes produced by wing cells (white arrow).
E
.C
.
L
a
i,
V
.
O
rg
o
g
o
zo
/
D
evelo
p
m
en
ta
l
B
io
lo
g
y
2
6
9
(2
0
0
4
)
1
–
1
7
6
E.C. Lai, V. Orgogozo / Developmental Biology 269 (2004) 1–17 7Cut. Cut is a homeodomain-containing protein that accu-
mulates in all external sensory cells and their precursor cells
but not in internal sensory cells (Blochlinger et al., 1990).
Loss of cut activity transforms external sensory organs into
chordotonal organs (Bodmer et al., 1987; Merritt, 1997;
Merritt et al., 1993), while ectopic Cut expression results in
the reciprocal transformation (Blochlinger et al., 1991).
Thus, Cut has an instructive role in execution of an
external-type peripheral sense organ program. The switch
can be further linked to the different proneural proteins that
initiate development of these sensory organs: Achaete and
Scute proneural proteins direct the development of external
mechanoreceptors, which express Cut in pI and all of its
daughters, while Atonal directs the development of all
chordotonal organs at least in part by repressing Cut (Jar-
man and Ahmed, 1998). Thus, individual pI cells have
certain multipotent properties, and the specific type of
sensory organ program they execute is influenced by ex-
pression of selector genes.
Changing terminal lineage fates: Gcm redirects a
presumptive neuron to the glial fate
Multidendritic (md) neurons (lacking accessory cells) are
found at many stages throughoutDrosophila life (Fig. 3B). A
subset of these are positioned near external sensory organs
(Ghysen et al., 1986), and retrospective studies indicated that
individual SOP cells indeed give rise to both md neurons and
campaniform external sensory (es) organs (Brewster and
Bodmer, 1995; Vervoort et al., 1997). In the larva, md
neurons exhibit specific dendritic arborizations within char-
acteristic regions of the epithelium, suggesting that they are
receptive to stimuli different from the one received by
campaniform organs (Grueber et al., 2002). Thus, these
embryonic pI cells produce two functionally independent
sensory organs, one campaniform organ and one md neuron.
The nature of the lineage that produces these md and es
organs was controversial for some time, and the md neuron
has been variously proposed to be the sibling of the es
neuron (Brewster and Bodmer, 1995) or born of a hypo-
thetical ‘‘p0’’ cell and thus sibling to pI (Vervoort et al.,
1997). Careful observation of the successive cell divisions
demonstrated that the md neuron is actually born from pIIb
and is sibling to pIIIb (Orgogozo et al., 2001). Therefore,
the md-es lineage is identical to that of the microchaete
lineage except that an md neuron is produced in place of the
apoptotic glial cell of the latter (Figs. 4B, E). The likeness of
the microchaete glial cell and md neuron is supported by the
observation that both cells migrate some distance away from
their initial position, whereas their sibling sensory organ
cells stay closely apposed. The overall relationship between
these lineages is also reflected by the common order of cell
divisions: pIIb first, pIIa second, and pIIIb last.
Certain wing campaniform sensilla have similarly been
observed to produce two neurons, one of which extends a
typical external sensory dendrite and one that displayscharacteristics of an md neuron (Murray et al., 1984).
Although it was proposed that the md-like cell is the sibling
of the sensory neuron (Van De Bor et al., 2000), in light of
recent data on the embryonic campaniform lineage, we
suggest that it too is born of pIIb, and sibling to the cell
that subsequently produces the external sensory neuron and
sheath cell.
Because the md neuron/glial cell is the only cell in the
lineage that never activates the N pathway (Gho et al., 1999;
Van De Bor et al., 2000), it is in some sense the basal cell
type in the sensory lineage (Figs. 4A, B, E). The fact that
this cell adopts a glial fate in some lineages is therefore at
odds with the popular conception that neurons represent the
basal state of sensory organs. Interestingly, in gcm mutants,
the glial cell produced by the microchaete lineage and the
gliogenic campaniform lineage (see below) is transformed
into an Elav-positive neuron (Fichelson and Gho, 2003; Van
De Bor et al., 2000), indicating that the glial cell in both
lineages retains some neural potential. Taken together, these
data suggest that embryonic campaniform (Fig. 4B) and md
neuron-associated wing campaniform organ lineages (not
shown) are more representative of the canonical lineage,
while the microchaete (Fig. 4E) and gliogenic campaniform
lineages (Fig. 4G) are more derived and have selectively
acquired expression of Gcm.
A remarkably similar set of principles may apply to the
development of chordotonal organs. Firstly, some embryonic
chordotonal organs that lack the glial-like ligament cell have
been specifically shown to have lineage relation to an md
neuron (Brewster and Bodmer, 1995). According to BrdU
incorporation studies (Bodmer et al., 1989) and in light of the
new data, we propose that both the md neuron and the
chordotonal organ cells arise from a mixed chordotonal-md
lineage with the same pattern of cell divisions as the mixed
campaniform-md lineage. Secondly, in gcm mutants, the
ligament cells of the embryonic lch5 chordotonal organ are
transformed into neurons and each scolopidium becomes bi-
innervated by two Elav-positive neurons (Jones et al., 1995),
perhaps revealing an ancestral bi-innervated sensory organ.
Indeed, the D. melanogaster auditory organ located on the
antenna consists of an array of f100 scolopidia, each of
which lacks a ligament cell but instead contains two sensory
neurons whose dendrites insert into the same scolopale
(Eberl et al., 2000; Hertweck, 1931).
In summary, a neuron-basal state can be revealed in
multiple extant lineages, whose diversification into glial/
ligament cells is attributable to Gcm function.
Lineage-specific cell proliferation
Cell proliferation can add to a sensory organ’s comple-
ment. Analysis of the development of some wing campani-
form organs (Fig. 3C) showed that their primary precursor
cell produces the four sensory organ cells and a Gcm- and
Repo-positive glial cell through the exact same stereotyped
pattern of cell divisions as in the microchaete lineage (Van
E.C. Lai, V. Orgogozo / Developmental Biology 269 (2004) 1–178De Bor and Giangrande, 2001). However, the glial cell does
not undergo apoptosis in this case but proliferates to produce
an average of six glial cells that migrate away (Fig. 4G). The
molecular control of the surprisingly variable fates of glial
cells—to survive, die, or proliferate—remains to be fully
understood, but is clearly dependent on cellular context.Additional cell divisions probably also occur for sensory
organs composed of more than four sensory cells. For
example, leg and labellar taste bristles typically comprise
one mechanosensory and four chemosensory neurons in
addition to the three accessory cells (Nayak and Singh,
1983; Ray et al., 1993). Accordingly, BrdU incorporation
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chemosensory bristles (Fig. 3F) is highly similar to the
canonical lineage, except that the cell that corresponds to the
md neuron/glial cell undergoes additional cell divisions to
produce four chemosensory neurons (Ray et al., 1993).
However, this lineage model does not account for the
formation of the glial cell detected next to chemosensory
neurons in flies and other insects (Lawrence, 1966; Nayak
and Singh, 1983; Peters, 1963), suggesting that an addition-
al cell division may occur within this lineage.
All Drosophila taste organs appear to originate from Cut-
positive precursor cells that specifically accumulate the
transcription factor Pox-neuro (Poxn) (Dambly-Chaudiere
et al., 1992). In poxn mutants, poly-innervated taste organs
are transformed into mono-innervated sensory organs,
whereas ectopic expression of poxn leads to the opposite
transformation (Awasaki and Kimura, 1997, 2001; Dambly-
Chaudiere et al., 1992; Nottebohm et al., 1994a). Interest-
ingly, poxn activity is independent of cut. Expression of poxn
in sensory precursors is maintained in cut mutants, with
resultant transformation of external poly-innervated organs
into internal, but still poly-innervated organs (Vervoort et al.,
1995). Thus, poxn regulates the number of cell divisions
within lineages. There is variability in neuronal numbers
amongst taste bristles, with distinct subclasses being inner-
vated by two, three or four neurons (Ghysen et al., 1986;
Nayak and Singh, 1983). This suggests that additional
factors may act in concert with Poxn to regulate neuron
number appropriately in different taste bristle lineages.
Apoptosis shapes sensory organs
Many examples of cell death in developing metazoan
nervous systems have been described. However, unlike the
glial death prescribed by fate seen in the microchaete
lineage, other cases usually involve death through stochastic
mechanisms. For example, many midline glial cells die
during Drosophila embryogenesis as a result of glial cell
competition for Spitz, an EGF receptor ligand secreted by
neurons and required for glial survival (Bergmann et al.,
2002; Sonnenfeld and Jacobs, 1995; Zhou et al., 1997). An
analogous mechanism underlies the massive neuronal deathFig. 4. Proposed relationships between diverse PNS lineages and an ancestral canon
those that do not (typically through inheritance of Numb) are colored red. Cells de
are colored grey. (A) The canonical PNS lineage is similar to that shown in Fig. 2B
organ (B) and chordotonal organ (C) both follow the canonical lineage and differ on
neuron lineage is similar to that of the larval md/mes organ, except that pIIa and
gliogenic wing campaniform sensilla (G) also follow the canonical lineage except
latter (via a glial precursor, GP). The number and order of the GP divisions is not k
the labellum. Multiple rounds of cell divisions produce additional neurons. A gli
sensory cluster has not yet been established (question mark). (H) Lineage of the
additional cells into a three-cell presensillum cluster of a pIIa-like, pIIb-like and pI
not been experimentally established (question mark). As well, the order of cell r
(question mark). The pIIa-like and pIIb-like cells execute sublineages characteristi
appears to be slightly variable (not shown). Note that in non-coeloconic olfactory l
the leg and proximal costa) recruits a bract cell (double arrow). The microchaete-g
microchaetes, but this has not been directly demonstrated.observed during vertebrate CNS development. Here, neu-
rons compete for limiting amounts of neurotrophic factors
produced by target cells, with survival of only a small
fraction of neurons that establish successful connections
(Raff et al., 1993). Excess uncommitted cells are also
directed to programmed cell death during fly eye develop-
ment (Wolff and Ready, 1991).
In contrast, detailed studies of the complete lineage of
Caenorhabditis elegans demonstrate that the death of spe-
cific, pre-determined cells is an essential feature of nema-
tode development (Sulston and Horvitz, 1977; Sulston et al.,
1983). Although few examples of lineage-fated cell death
have been described outside of nematodes, this develop-
mental tactic may prove to be used more frequently than is
currently appreciated. Indeed, examination of the literature
produces additional possible examples of cell deaths that
have been programmed into neural lineages in Drosophila.
For example, the posterior wing margin is lined with non-
innervated mechanoreceptors that consist only of shaft and
socket cells (Fig. 3G). Although their lineage has not been
studied in detail, it is reasonable to suppose that they derive
from a modified bristle lineage in which pIIb undergoes
programmed cell death. Similar observations have been
made with non-innervated wing scales of Lepidoptera,
where one of the pI daughter cells undergoes stereotyped
cell death (Galant et al., 1998; Stossberg, 1938). Conversely,
studies of interommatidial bristles in the Drosophila eye
(Fig. 3H) have suggested that outer cells of these modified
mechanoreceptors die, leaving behind only the neuron and
possibly the sheath cell (Cagan and Ready, 1989; Perry,
1968). Thoracic macrochaete shaft cells of different flies
have also been found to die following completion of
morphogenesis [Calliphora vicinia, (Keil, 1978; Ribbert,
1967) and D. melanogaster, T. Keil, personal communica-
tion], an outcome suggested to be related to their highly
polyploid status.
The best-studied case of neural lineage death aside from
the microchaete occurs during development of some em-
bryonic md-solo neurons. Unlike md neurons produced
from md-es lineages, md-solo neurons are not associated
with external sense organs. Although it might be reasonably
supposed that md-solo neurons arise de novo, some wereical lineage. As in Fig. 2, cells that activate the N pathway are colored blue,
rived from divisions whose control by the N pathway is not yet established
. The larval multidendritic neuron-campaniform mechanosensory (md-mes)
ly in their adoption of terminal cell fates. (D) The larval multidendritic (md)
pIIIb undergo apoptosis (X). The lineages of the adult microchaete (E) and
that the glial cell undergoes apoptosis in the former but proliferates in the
nown in detail (question mark). (F) Proposed lineage for the taste bristles of
al cell is associated with these sensory organs but its clonal relation to the
coeloconic olfactory sensillum. An olfactory precursor cell (OPC) recruits
Ic cell. The olfactory precursor cell is here proposed to be pIIb, but this has
ecruitment (double arrows) into the presensillum cluster is not yet known
c of the canonical lineage. The number of neurons in an olfactory sensillum
ineages, the glial cell undergoes apoptosis. (I) A subset of microchaetes (on
enerating portion of this lineage is presumed to be the same as for thoracic
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which both pIIa and pIIIb cells specifically activate the
pro-apoptotic genes reaper and grim and undergo
programmed cell death (Fig. 4D) (Orgogozo et al., 2002).
When apoptosis is blocked, both of these cells divide to
produce socket/shaft and a neuron/sheath cell pairs, respec-
tively, resulting in an apparently normally formed ectopic
external sensory organ. Thus, to produce a single multi-
dendritic neuron, the canonical lineage program is launched
and undesired cells are removed by apoptosis.
In the case of the md-solo lineage, the Notch-inhibitory
protein Numb is inherited by the surviving daughter cell of
each cell division, suggesting that execution is positively
regulated by N activity (Fig. 4D). Accordingly, Numb is
necessary and sufficient to prevent apoptosis, while activat-
ed Notch is able to ectopically trigger death in this lineage
(Orgogozo et al., 2002). By contrast, it is the glial cell of the
microchaete lineage that dies (Fig. 4E), the only cell in this
lineage that never activates the N pathway (Fichelson and
Gho, 2003). When considered alongside the deaths in the
lineages of non-innervated mechanoreceptors and interom-
matidial bristles, it is clear that there is no consistent linkage
between N activation and induction of apoptosis.
Depending on cell context then, Notch may induce (md-
solo lineage), inhibit (microchaete lineage) or have no
influence on apoptosis (e.g., pI cell division in most line-
ages). Cell death is triggered by pro-apoptotic genes in the
H99 region during both md-solo and microchaete develop-
ment (Fichelson and Gho, 2003; Orgogozo et al., 2002;
White et al., 1994), and it will be a challenge to understand
how this genomic region integrates N signaling with other
cues and signals to selectively activate pro-apoptotic genes
in the appropriate cells of the relevant lineages. A final point
is that microchaete glial death is independent of its glial
identity: in gcm clones, the extra neuron obtained at the
expense of the glial cell fate still dies (Fichelson and Gho,
2003). This suggests that glial cell apoptosis is not a simple
consequence of adoption of this fate.
Joining the club: EGFR signaling recruits sensory cells
Non-lineally related cells may also be recruited into some
sense organs. This is the principal mechanism for assembly
of the Drosophila eye following selection of founder R8
cells, and recruitment relies upon reiterative use of EGFR
signaling (Freeman, 1996). Relatively few other peripheral
sense organs conscript cells, but those that do so also utilize
EGFR signals as a general strategy to recruit cells into a
developing sensillum.
Cell recruitment is used during the development of most
poly-scolopidial chordotonal organs. In the embryo, the
pentascolopidial organ lch5 (Fig. 3D) arises from five pI
cells, each of which executes its characteristic lineage (see
above). Initially, three pI cells classically arise from an
atonal-positive proneural cluster. Then, the most ventral pI
cell provides a source of Spitz/EGFR signalling which isnecessary for the other two pI cells to appear (Okabe and
Okano, 1997; zur Lage et al., 1997). This highlights two
mechanisms for creation of a poly-scolopidial organ: mul-
tiple pI cells may be specified simultaneously from a
proneural cluster, or pI cells may be recruited sequentially
by an earlier specified pI cell. Both processes are used
during lch5 development. In a similar manner, the adult
femoral chordotonal organ arises from a group of some 70–
80 pI cells in the leg imaginal disc during third larval instar
and early pupa (zur Lage and Jarman, 1999). SOPs are
progressively recruited from a persistent proneural cluster
and accumulate in a large SOP mass. The newly formed
chordotonal SOPs are the source of Spitz signalling that
allows recruitment of new SOPs. Finally, the dorsalmost
lch5 SOP does not recruit other chordotonal SOPs, but
instead uses Spitz/EGFR signaling to recruit an average of
six non-neural oenocytes (Elstob et al., 2001; Rusten et al.,
2001). Overall, there is tremendous variability in the num-
ber of recruited elements in different settings: one (vch
chordotonal SOP), two (lch5 chordotonal SOP), four to nine
(oenocytes), and potentially many more (femoral chordoto-
nal organ SOPs). Experimental stimulation of EGFR sig-
naling increases the number of cells recruited in each of
these settings, indicating that the level of EGFR signaling
must be carefully controlled to give the desired outcome.
Neurogenesis of chordotonal organs and R8 photorecep-
tors is initiated by the Ato-type proneural protein, Atonal.
This has led to speculation that Ato-type proneural proteins
may be disposed to activate programs of gene expression
that lead to clustering or recruitment of cell types, poten-
tially by directly activating one of more components of the
EGF receptor pathway (zur Lage et al., 1997). However, cell
recruitment is not entirely restricted to sensory organs
determined by Ato-type proneural proteins. Unique mecha-
nosensory bristles located on the legs and the proximal costa
of the wing, specified by AS-C class proneural proteins, are
associated with a small cuticular protrusion secreted by a
specialized epidermal cell, the bract (Fig. 3I). Clonal anal-
ysis indicated that the bract cell is not lineally related to the
cells of the bristle organ but requires a neighboring bristle
organ for its specification (Held, 2002 and references
therein). Recent studies now demonstrate that the bristle
cells induce the bract fate in an adjacent cell through Spitz/
EGFR signalling via the Ras/MAPK pathway (del Alamo et
al., 2002; Held, 2002). As is the case for chordotonal organ
induction, the number of bract cells recruited can be
experimentally modulated by manipulating the level of
Spitz/EGFR signalling. The sensitive period for bract in-
duction occurs at the three- or four-cell stage of the bristle
lineage (Nottebohm et al., 1994b) and genetic and pharma-
cological studies suggest that the socket and/or shaft cell
may be responsible for bract induction (Held, 2002 and
references therein). The physiological function of the bract
is not known.
Like poly-scolopidial chordotonal organs, some external
sensory organs in the Drosophila larval anterior region are
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represent an aggregation of several sensory units. For
example, the three large organs of the antenno-maxillary
sensory complex comprise around 10 clustered sensilla
units, while the Keilin organ possess five type I neurons
innervating a cluster of three bristles (Campos-Ortega and
Hartenstein, 1985). Spitz/EGFR signaling is required for the
development of some of the neurons and cuticular structures
of these organs, and enhancement of EGFR signaling results
in greater numbers of these sensillar components (Mayer
and Nusslein, 1988; Okano et al., 1992). Thus, formation of
poly-unit external sensory organs also involves EGFR-
mediated cell recruitment.Common features of sensory lineages and the
evolutionary origin of the canonical lineage
The collected observations indicate a preponderance of
similarities amongst diverse types of peripheral sensory
lineages in Drosophila. We cannot rule out that these
similarities are the end-result of complicated evolutionary
routes that led to a convergence of developmental schemes.
However, the parsimony principle suggests that the most
likely explanation is that most, if not all, peripheral sensory
lineages in Drosophila derive from a common ancestral
canonical lineage. A detailed analysis of the successive cell
divisions in peripheral lineages (see below) reveals that they
also share many molecular and cell biological properties,
which strengthens their probable common evolutionary
origin. Only two presently described sensory lineages are
not fully comparable to the canonical lineage, the olfactory
lineage and the dbd lineage. However, their molecular and
cell biological properties lead us to argue that they may
represent early evolutionary steps in the assembly of the
canonical lineage. Thus, basic biological properties of
present-day cell lineages may provide clues as to infer
how this stereotyped pattern of cell divisions might have
been assembled during evolution.
Control of fate asymmetry by spindles and crescents:
pI- and pIIb-type divisions
As mentioned earlier, cell–cell signalling through the
Delta–Notch pathway ensures that the daughter cells of
every division in PNS lineages adopt distinct fates. Although
both daughters are capable of sending and receiving signals
through this pathway, the direction of signaling is usually
made largely unidirectional by the unequal segregation of
cell fate determinants into one of the daughter cells. Key
determinants are localized to ‘‘crescents’’ on one side of the
cell cortex before mitosis, and this is coordinated with the
axis of division so that protein crescents are subsequently
inherited by only one of the two daughters. In the past half-
decade, a multitude of crescent-forming proteins and RNAs
have been identified, along with much of the cell biologicalmachinery that mediates their localization. One of the most
studied determinants is Numb, which localizes asymmetri-
cally during divisions of embryonic CNS neuroblasts and in
all PNS lineages examined, including the microchaete line-
age, embryonic campaniform lineage, and md-solo lineage
(Chia and Yang, 2002; Rhyu et al., 1994). Numb appears to
be one of the most proximate crescent-forming proteins in
controlling N activity. It seems to negatively regulate N
together with three other proteins, the endocytic protein a-
Adaptin, the vesicle targeting protein Lethal Giant Larvae
and the membrane protein Sanpodo (Berdnik et al., 2002;
Justice et al., 2003; O’Connor-Giles and Skeath, 2003).
However, its mechanism of action is still unknown.
Because determinant localization must be coordinated
with orientation of the mitotic spindle, the orientations of
cell divisions within sensory lineages are carefully con-
trolled. This is manifest in successive and stereotyped
remodeling of cell polarity within the lineage. This has
been particularly noticed for the microchaete and embryonic
campaniform lineages (Gho and Schweisguth, 1998; Gho et
al., 1999; Orgogozo et al., 2001; Roegiers et al., 2001). In
both lineages, the pI cell first acquires a characteristic
spindle orientation. This distinguishes it from other epithe-
lial cells, which divide with randomly oriented axes of
division, although both types of cells divide within the
epithelial plane. pIIb cell polarity is then remodeled into
an apical-basal polarity and it divides perpendicularly to the
plane of the epithelium. Later, the pIIa and pIIIb cell divide
with an orientation similar to their mother cells, pI and pIIb,
respectively. Similarly, in the md-solo lineage, pI cell
division occurs within the plane of the epithelium, whereas
the pIIb division occurs roughly perpendicular to the plane
of the epithelium (Orgogozo et al., 2001). Thus, successive
changes in cell polarity may be consistently related to the
canonical lineage.
Neuroblasts resemble pIIb/pIIIb in that they also divide
perpendicularly to the epithelial plane to generate daughter
cells with distinct fates. Neuroblasts use the pre-existing
apical–basal polarity of the epithelium to not only orient
their axis of division, but localize determinants as well
(reviewed by Chia and Yang, 2002). Key amongst these is
Inscuteable (Insc), and the introduction of ectopic Insc in the
normally Insc-negative epidermal cells is sufficient to reori-
ent their division axis to be perpendicular to the epithelial
plane (Kraut et al., 1996).
All proteins that localize asymmetrically in dividing
neuroblasts (including Numb, Partner of Numb, Prospero,
Miranda, Insc, Bazooka, and Partner of Inscuteable) have
thus far been found in the same distinctive locations in
dividing pIIb cells (Gho et al., 1999; Le Borgne et al., 2002;
Orgogozo et al., 2001; Reddy and Rodrigues, 1999a;
Roegiers et al., 2001). Additional mechanistic links between
pIIb and neuroblast division include their dependence on the
Insc/apical complex machinery and a strong asymmetry
between the sizes of the daughter cells and their spindles,
with the basal cell being smaller in both respects (Gho et al.,
E.C. Lai, V. Orgogozo / Developmental Biology 269 (2004) 1–17121999; Reddy and Rodrigues, 1999a; Roegiers et al., 2001).
Thus, pIIb cells and neuroblasts share many characteristics.
Because pI and pIIa cells divide within the epithelium
plane, they must use other cues to orient their divisions.
Accordingly, Insc does not accumulate in pI and pIIa cells
and components of the apical complex are separated in
microchaete pI cells: Bazooka/atypical protein kinase C
(and presumably Par-6) are found posteriorly while Pins/
Gai are found anteriorly (Bellaı¨che et al., 2001b). In the
case of microchaetes, their characteristic antero-posterior
orientation of the division is controlled by components of
the planar polarity pathway, most notably by Frizzled (Fz), a
seven-transmembrane receptor of the Wnt family (Gho and
Schweisguth, 1998). In fz mutants, Partner of Inscuteable/
Gai/Numb and Bazooka continue to form cortical crescents
that localize to opposite poles but they no longer align along
the antero-posterior axis (Bellaı¨che et al., 2001a,b; Roegiers
et al., 2001).
To summarize, two types of divisions within the lineage
are detected: neuroblast-like divisions that are perpendicular
to the epithelial plane (pIIb and pIIIb) and divisions that are
oriented but lie within the plane of the epithelium (pI and
pIIa). These data raise the interesting possibility that the
portion of peripheral sense organ lineages that generates
internal cells (pIIb branch) may be ancestrally related to a
neuroblast-like lineage. By contrast, the evolutionary origin
of the asymmetric cell divisions occurring within the epi-
thelial plane (pI and pIIa) remained particularly obscure,
until a recent study of olfactory sensilla development.
Joining the club again: from cell recruitment to asymmetric
cell division?
Clonal analysis demonstrated that cells of individual
olfactory sensilla (Figs. 3J–L) are of mixed lineage (Reddy
et al., 1997). During development, an identified olfactory
precursor cell becomes first associated with several cells that
together comprise a presensillum cluster in the absence of
cell divisions. Then, cells of the presensillum cluster divide
to give rise to differentiated cells of an olfactory sensillum
(Ray and Rodrigues, 1995; Reddy et al., 1997).
Recent detailed analysis of presensillum cluster cell line-
ages in olfactory sensilla (Fig. 3L) have led to the rather
unexpected conclusion that the olfactory precursor cells of a
presensillum cluster are pIIa- and pIIb-like cells that execute
lineages that are identical to those in the canonical PNS
lineage (Fig. 4H) (Sen et al., 2003). Although not lineally
related, the pIIa- and pIIb-like cells present strinking molec-
ular and developmental similarities with their apparent coun-
terparts in the canonical lineage. For example, Prospero
regulates lineage identity and accumulates in pIIb-like cells
and not in pIIa-like cells, as seen for microchaete and
embryonic campaniform lineages. As in the canonical line-
age, pIIa undergoes a single division to generate a socket and
a shaft cell while pIIb undergoes two divisions to produce a
neuron, a sheath cell, and a glial cell that undergoes apoptosisin some lineages (Figs. 4A, H) (Sen et al., 2003, 2004). A
third cell was also detected in the presensillum cluster, pIIc,
which was proposed to divide to generate two additional
neurons of the olfactory sensilla. Its possible counterpart in
the canonical lineage remains unclear.
This newly described lineage suggests an evolutionary
model in which a neuroblast-related, pIIb-type cell lineage
was present before the canonical sensory lineage. In this
view, the hypothetical pIIb-derived sensillum may have
recruited additional planarly dividing, pIIa-like, support cells
from the neighboring epithelium. It is tempting to imagine
that this involved Spitz/EGFR signaling, given its general
usage in sensory organ cell recruitment. Subsequently, the
recruitment of a pIIa-like cell by a pIIb-like cell may have
been transformed into an asymmetric cell division that
produces pIIa and pIIb cells related by lineage. According
to this particular evolutionary scenario, the olfactory lineage
may represent either an ancestral situation before the canon-
ical lineage, or a reverse evolution back to the ancestral state.
Two pieces of data will be necessary to substantiate this idea.
First, it remains to be seen if presensillum cluster recruitment
in the olfactory lineage is indeed mediated by EGFR signal-
ing. Second, it will be necessary to assess whether the first
olfactory precursor cell to appear is a pIIa- or a pIIb-type cell.
Unfortunately, satisfactory markers do not yet exist to
answer this second question; however, according to our
proposed model, we would predict it to be a pIIb-like cell.
Numb reinforces an existing lineage asymmetry?
In all sensory organs examined to date [microchaetes,
(Hartenstein and Posakony, 1990); wing campaniform
organs, (Van De Bor and Giangrande, 2001); embryonic
external sensory organs, (Hartenstein and Campos-Ortega,
1986; Vervoort et al., 1997)], reduction of Notch signaling
transforms pIIa cells into pIIb cells, resulting in additional
inner sensory cells and fewer outer cells. Consistent with
this, Notch signaling is activated and required in the pIIa
cell, whereas it is inhibited in its sibling pIIb cell following
Numb asymmetric segregation into the pIIb cell [micro-
chaete lineage, (Gho et al., 1999); embryonic campaniform
lineage, (Orgogozo et al., 2001); md-solo lineage, (Orgo-
gozo et al., 2002)].
Interestingly, in the olfactory presensillum cluster, the
binary choice between pIIa and pIIb cell fates is also
regulated by Notch. As seen with other sensory organs, inner
olfactory cells develop at the expense of the outer cells when
Notch signaling is reduced (Sen et al., 2003). Because these
cells are not clonally related, this appears to be the only case
so far of a N-regulated lineage cell fate choice that is not also
regulated by asymmetric inheritance of Numb during mito-
sis. In agreement with the olfactory lineage bearing more
ancestral characters than the canonical lineage, we suggest
that usage of Numb to control the binary pIIa/pIIb fate
decision may have come after a symmetry-breaking mech-
anism mediated by Notch alone. In a simple hypothetical
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stable activation of the Notch pathway in only one daughter
might proceed via initially bidirectional signaling that sto-
chastically resolves into unidirectional signaling to generates
distinct daughter fates. This type of mechanism has been
well characterized for the AC/VU cell fate decision during
nematode vulval development. In this setting, N signaling
between the non-lineally related cells Z1.ppp and Z4.aaa
results in the random, but consistent, adoption of one cell as
AC and other cell as VU (Greenwald, 1998).
Later, Numb may have been used to make signaling
biased and thus increase inevitability of outcome. This is
especially important during sensory organ development,
where it is imperative that each of a small number of
constituent cells adopts the correct fate. This scenario would
also explain why Notch has such a general role in develop-
mental cell fate choices, whereas numb has very specific
roles, mostly in cell lineages.
Overall consideration of Notch-regulated cell fate deci-
sions in mammals and flies, shows that Notch typically
determines non-neuronal cell fates. This applies throughout
the canonical lineage where Notch promotes the pIIa, pIIb,
and sheath cell fates, versus the pIIb, md neuron, and
sensory neuron fates, respectively. All of these observations
are consistent with an ancestral function of Notch in divert-
ing presumptive neuronal cells toward accessory fates
within peripheral sensory lineages.
Interestingly, the Drosophila embryonic dbd lineage
appears as a possible early step in the assembly of the
canonical lineage. It consists of a single N-regulated divi-
sion of a precursor cell to generate the multidendritic neuron
dbd and an associated glial cell. In agreement with Notch
inhibiting neural cell fates, Numb is inherited by the neuron
and N is activated in the glial cell (Bodmer et al., 1989;
Brewster and Bodmer, 1995; Umesono et al., 2002).
Aspects of the canonical lineage in other Metazoa
Very primitive sensory organs may have been composed
solely of specialized neurons that directly sensed external
stimuli. Sense organs of this sort are found in cnidarians,
flatworms, nemertians, rotifera, annelids, and siponculids. In
these species, most types of sensilla are in direct contact
with the environment and are often associated with ciliated
dendritic processes or a pit-like structure that allows expo-
sure to the outside (reviewed by Bullock and Horridge,
1965; Wright, 1992). The evolution of additional non-
neuronal support cells would have increased the sensitivity
and sensing capabilities of sensory organs. For example,
although some mechanoreceptors are embedded in the plane
of the body wall, many others are associated with a rigid and
lengthy bristle, which allows detection of physical stimuli at
some distance from the body wall. In addition, support cells
may have evolved in parallel with the development of the
increasingly impenetrable cuticle or exoskeleton secreted by
many higher invertebrates.It is perhaps only a matter of philosophy to ask whether it
is ‘‘better’’ to generate such accessory cells using a lineage
or recruitment strategy. However, in the present-day fly, the
collected analysis leads us to propose that the blueprints for
the great majority of peripheral sensory organs are founded
upon the same canonical lineage. We may never know
whether the reason for the success of the canonical lineage
is more an accident of history or if it reflects a genuine
superiority in this strategy amongst other possibilities.
However, we speculate that its incorporation of multiple
layers of regulation that ensure maximal cell-type diversity
and consolidation of the entire lineage into a single pI cell
made it more ‘‘reliable’’ and stable as a platform for further
evolutionary tinkering to generate sensory organ diversity,
compared to a strategy in which portions of the lineage must
be recruited.
Altogether then, our analysis leads us to propose that the
canonical sensory lineage has been constructed during
evolution through successive addition of a few develop-
mental processes. These include Notch signaling to gener-
ate asymmetric cell divisions, asymmetric segregation of
Numb during mitosis, variation in cell division number,
cell recruitment via EGFR signaling, neuroblast-like cell
division perpendicular to the epithelium and planar asym-
metric cell division. It is important to note that these
processes are not exclusive to sensory development. For
instance, development of other nonneural Drosophila
organs, such as muscle cells (Baylies et al., 1998), distal
tip cells of Malpighian tubules (Hoch et al., 1994; Wan et
al., 2000), and likely cardiac cells (Ward and Skeath,
2000), is initiated by proneural genes and proceeds via
stereotyped Notch- and Numb-regulated cell lineages. It is
thus conceivable that the canonical sensory lineage was
constructed by developmental mechanisms previously used
in nonsensory tissues.
Morphologically similar types of peripheral sensory or-
gans are evident in other insects. While it is tempting to
suppose that these also derive from canonical lineages, we
must exercise caution in making this connection in the
absence of detailed lineage study, as advised by the
microchaete lineage history (see above). For example,
socket and scale cells of Lepidopteran wing scales appear
to be analogous to the socket and shaft cells of fly bristle
organs, respectively. This thinking is informed by their
physical resemblance, common polyploid status, and the
sibling relationship of the cell pairs. Nevertheless, division
of pI cells for Lepidopteran wing scales has not been
found to be planar, but in fact perpendicular to the
epithelial plane (Stossberg, 1938). If true, this would be
a fundamental departure from the canonical Drosophila
peripheral lineage. Similar lability in developmental strat-
egy underlying nematode vulval development is hidden by
the similar end-product in different species (Gibson,
2001).
Nevertheless, at least two studies clearly indicate the
presence of the canonical lineage in other insects. First, in
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cate that an md neuron is associated by lineage with the
four-cell larval bristle and originates from a pIIb-like cell
that executes a lineage identical to the one in the canonical
lineage (Grueber and Truman, 1999). Second, a lineage
described in the milkweed bug Oncopeltus fasciatus some
38 years ago corresponds exactly to the canonical lineage.
SOPs of mechanosensory organs in this insect were ob-
served to divide within the plane of the epithelium. Then,
one daughter cell divides perpendicularly to the plane of the
epithelium (pIIb) before its sister cell divides within the
plane of the epithelium and generates two outer cells (pIIa).
Two outer and three inner cells are produced, with one of
the inner cells undergoing nuclear breakdown (a possible
sign of apoptosis), thus leaving four surviving cells in the
mature organ (Lawrence, 1966). This suggests that in
addition to the canonical lineage, the microchaete lineage
itself may have been present in their common ancestor.
Analyses of neural lineages in other species have been
most rigorously performed in C. elegans, for which the
lineage of the entire organism has been described (Sulston
and Horvitz, 1977; Sulston et al., 1983). Of the 10 different
types of sensilla, 5 are composed of cells that originate from
different lineage branches and subsequently cluster together.
Of the remaining 5 that contain at least some cells related
by lineage, 4 can be plausibly related to the canonical
Drosophila lineage, with the male post-cloacal sensory
lineage being most similar. As in Drosophila, the atonal
ortholog is required to specify neuronal and sensory cell
fates in C. elegans (Portman and Emmons, 2000; Zhao and
Emmons, 1995). The operation of the core Notch pathway
has also been conserved in C. elegans (Greenwald, 1998),
but it has not been characterized with respect to these
particular neural lineages. In addition, although Numb and
Prospero orthologs are present in nematodes, neither has
been studied genetically (Ruvkun and Hobert, 1998). Thus,
while the general similarity between these nematode line-
ages and the canonical insect lineage is tantalizing, their
ancestral relationship cannot be adequately assessed at
present.
A similarly incomplete situation applies to vertebrates.
Conservation of the genetic machinery is compelling: pro-
neural bHLH-encoding genes, the Notch pathway, and
Numb are used in a rather similar fashion to initiate neuro-
genesis and regulate asymmetric neural cell divisions (Ber-
trand et al., 2002; Cayouette and Raff, 2002). Unfortunately,
events within sensory lineages are not easily amenable to in
vivo temporal analysis with single-cell resolution as in flies
and worms. Nonetheless, vertebrate CNS development may
use defined sublineages (Qian et al., 1998) and several
parallels are observed between the genetic developmental
pathways and physiology of the mammalian inner ear and
Drosophila sensory organs. This suggest that the mammalian
inner ear may be potentially evolutionarily related to Dro-
sophila sensory organs and share common aspects of lineage
(Adam et al., 1998; Eddison et al., 2000).In conclusion, this comparative developmental analysis
strongly suggests that the canonical lineage predates the
separation of Holometabola (fly) from Hemipteroid (milk-
weed bug) (which is estimated to be >350 million years
old). Whether the canonical lineage is much older remains
to be investigated.Concluding remarks
The history of our understanding of the mechanosensory
lineage and other Drosophila sensory lineages embodies
two optimistic philosophical perspectives of scientific pur-
suit. The first is that novelty continues to arise even in
extremely well-studied model systems. This underscores the
hopeful proposition that things in nature are almost always
more complicated than we expect, and suggests that in spite
of what we know, there is still much left to discover. In fact,
despite all that has been learned thus far, the book is not yet
closed with regard to understanding sensory lineages. For
example, the molecular mechanisms regulating the temporal
sequence of the developmental events hard-wired by SOPs
are totally unknown. Sequential generation of different cell
types through successive mitosis during development seems
to be a widespread developmental mechanism in Metazoa
(Salazar-Ciudad et al., 2003) and very little is known about
this process. The wide variety of Drosophila sensory
lineages described here provide ideal settings in which to
investigate this matter.
A second precept is that despite life’s complications,
careful studies can reveal connections between disparate
systems. The relationships between diverse peripheral sense
organ lineages, which seem so clear and obvious in retro-
spect, depended upon multiple revisions and re-interpreta-
tions of existing data. Nevertheless, connections were
successfully made following years of meticulous analyses.
This gives hope that we may be able to eventually under-
stand something as amorphous and overwhelming as the
question of how life is assembled.Acknowledgments
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